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IndianaABSTRACT Binding free energies are calculated for the phosphorylated and unphosphorylated complexes between the
kinase inducible domain (KID) of the DNA transcriptional activator cAMP response element binding (CREB) protein and the
KIX domain of its coactivator, CREB-binding protein (CBP). To our knowledge, this is the first application of a method based
on a potential of mean force (PMF) with restraining potentials to compute the binding free energy of protein-protein complexes.
The KID:KIX complexes are chosen here because of their biological relevance to the DNA transcription process and their rela-
tively small size (81 residues for the KIX domain of CBP, and 28 residues for KID). The results for pKID:KIX and KID:KIX are
9.55 and4.96 kcal/mol, respectively, in good agreement with experimental estimates (8.8 and5.8 kcal/mol, respectively).
A comparison between specific contributions to protein-protein binding for the phosphorylated and unphosphorylated complexes
reveals a dual role for the phosphorylation of KID at Ser-133 in effecting a more favorable free energy of the bound system: 1),
stabilization of the unbound conformation of phosphorylated KID due to favorable intramolecular interactions of the phosphate
group of Ser-133 with the charged groups of an arginine-rich region spanning both a-helices, which lowers the configurational
entropy; and 2), more favorable intermolecular electrostatic interactions between pSer-133 and Arg-131 of KID, and Lys-662,
Tyr-658, and Glu-666 of KIX. Charge reduction through ligand phosphorylation emerges as a possible mechanism for controlling
the unbound state conformation of KID and, ultimately, gene expression. This work also demonstrates that the PMF-based
method with restraining potentials provides an added benefit in that important elements of the binding pathway are evidenced.
Furthermore, the practicality of the PMF-based method for larger systems is validated by agreement with experiment. In addi-
tion, we provide a somewhat differently structured exposition of the PMF-based method with restraining potentials and outline its
generalization to systems in which both protein and ligand may adopt unbound conformations that are different from those of the
bound state.INTRODUCTIONActivation of gene transcription in eukaryotes is mediated
by protein-protein interactions between DNA-bound factors
(or activators) and their coactivator partners that interact
with the basal transcription machines. The multidomain
cyclic AMP response element binding (CREB)-binding
protein (CBP) (1) is a gene transcriptional coactivator that
plays an important role in cell growth (2,3) and differentia-
tion (4). CBP mediates interactions between gene regulatory
proteins and viral proteins, and has been implicated in
numerous human diseases, including leukemia, cancer,
and mental retardation (5). Distinct domains of CBP interact
with ligand-binding domains of multiple nuclear receptors
and nuclear receptor coactivators, thus serving as an inte-
grator (6) of multiple signal transduction pathways within
the cell nucleus.
The phosphorylation of the kinase inducible domain
(KID) of the transcription factor CREB plays an important
role in the specific activator/coactivator interaction with
the KIX domain of CBP. To understand the role of KID
phosphorylation in the binding to KIX, we focus on a
detailed comparison between the specific contributions to
the free energy of binding for the two complexes of phos-Submitted February 23, 2010, and accepted for publication November 18,
2010.
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0006-3495/11/01/0469/9 $2.00phorylated (pKID) and unphosphorylated KID domains of
CREB and the KIX domain of CBP: pKID:KIX and
KID:KIX. Experimental work (7) has revealed that DNA
transcription is intimately tied to the strength of the interac-
tion between KID and KIX, and phosphorylation of the
Ser-133 residue in the KID domain leads to stronger binding
and increased DNA transcriptional activity.
The KIX domain of CBP is comprised of residues 586–
666 and is 62% a-helical. KID is comprised of residues
119–146 and is 71% a-helical in the bound state. A wealth
of experimental data, including NMR structures (8) and
binding experiments (9), transcription activity measure-
ments, and the free energy of binding, is available for the
development and refinement of a good computational
model. The Ser-133 residue is essential for complex forma-
tion. When Ser-133 is mutated to a glutamic or aspartic acid,
KID does not significantly bind to the KIX domain. Muta-
tional studies conducted by Shaywitz and colleagues (7),
in which the charge of either of the residues (D140R and
R124E in KID, and K606E and E655K in KIX) was
reversed, showed a greatly reduced KID:KIX interaction
(10,11). NMR structural evidence (8) also suggests that
electrostatic interaction plays an important role in stabi-
lizing the association between the aBhelix of KID and KIX.
A detailed understanding of the main factors contributing
to the strength of KID-KIX interactions could lead to new
means of controlling gene regulation. Because most of thedoi: 10.1016/j.bpj.2010.11.053
470 Dadarlat and Skeelprotein-ligand complexes are only moderately stable, with
a free energy of binding on the order of 10 kcal/mol, under-
standing the specific elements that contribute to this stability
is key to positive/negative design and drug discovery.
A particularly effective algorithm for calculating the
difference in free energy (or binding energy) based on
a potential of mean force (PMF) with restraining potentials
and sampling from all-atom molecular-dynamics simula-
tions with explicit solvent was recently developed (12). To
our knowledge, the work presented here is the first to apply
the PMF-based method with restraining potentials to calcu-
late the absolute free energy of binding (DG+) for protein-
ligand complexes. The greatest advantage of this approach
is that it avoids alchemical decoupling (or annihilation) of
the ligand with its surroundings, as is required for the
more common binding free-energy computations. Such an
approach is particularly effective when the solvation free
energy of the ligand is very large, and is perhaps the only
way to treat the pKID:KIX complex considered here.
The results for pKID:KIX and KID:KIX are 9.55 and
4.96 kcal/mol, respectively, in good agreement with
experimental estimates (8.8 and 5.8 kcal/mol, respec-
tively) (13–17).
In the Materials and Methods section, we present the
basic idea behind the calculation of the free energy of
binding. In the Results and Discussion sections, we discuss
the key factors that are responsible for differences in
binding affinity for the phosphorylated and unphosphory-
lated forms, and, in particular, identify a double role for
phosphorylation in the protein-protein interaction: Phos-
phorylation of a serine residue in the aA helix of the KID
protein 1), stabilizes the unbound conformation of KID
and raises the free energy (by ~3.66 kcal/mol) through
favorable interactions with positively charged, arginine-
rich KID regions in both aA and aB helices; and 2), to
a lesser extent, stabilizes the pKID:KIX complex through
electrostatic interactions with Lys and Tyr residues in the
KIX protein. Charge reduction through ligand phosphoryla-
tion emerges as a candidate mechanism for controlling
the unbound state conformation of the ligand, leading to
stronger protein-ligand binding and, for the KID:KIX
complex, a novel means of controlling gene expression.
This demonstrates the added benefit of the PMF-based
method with restraining potentials in exposing the key
contributions to binding affinity. Additionally, it demon-
strates the practicality of the PMF-based method for larger
systems (81 residues for KIX and 28 residues for KID), vali-
dated by agreement with experiment. In the Theory section,
we provide a differently constructed derivation of the
PMF-based method. Also in this section we extend the
PMF-based method to systems in which both protein and
ligand may adopt unbound conformations that are different
from those of the bound state (the original PMF-based
method assumes that the protein has the same conformation
in the bound and unbound states).Biophysical Journal 100(2) 469–477METHODS
The free energy of binding is a measure of the difference in free energy
between two states of a system: bound and unbound. Calculation of an
absolute free-energy difference amounts to comparing the probability of
the two different states. Under consideration here are two macromolecules
in solution, and they are either bound (b) or unbound (u), thus partitioning
the configuration space into two states. The probability of being unbound is
normalized by dividing by volume in units of liter/mole. Use of this normal-
ization gives a standard free energy of binding.
Brute force unbiased sampling, though useful for small molecules (18), is
prohibitively CPU-intensive for large molecules. Other free-energy
methods for calculating the absolute free energies of binding, such as the
double-decoupling method (19), are subject to large inaccuracies associated
with cancelation of large values. For a recent review of methods for calcu-
lating binding free energies, see Deng and Roux (20).
Such cancelations can be mostly avoided by methods based on calcu-
lating a PMF for a reaction coordinate, and this is confirmed by our results.
A typical choice of reaction coordinate is the distance, rCM , between the
protein and ligand centers of mass. By itself this method has two draw-
backs: First, the unbinding may require extensive sampling, because transi-
tion paths may be spread out and may be separated by barriers. Second, the
transition state might not correspond to some specific value of rCM if rCM is
a poor reaction coordinate.
The PMF-based method with restraining potentials (12) is based on em-
ploying a sum u of three restraining potentials such that only one essential
degree of freedom remains, namely, the reaction coordinate rCM . Localizing
the transition state not only makes rCM a better reaction coordinate, it also
greatly reduces the amount of sampling needed. Basically, there are two
different systems: the original system (denoted by 0) with potential energy
U, and the restrained one (denoted by 3) with potential energyU þ u. These
numerical identifiers correspond to the number of restraining potentials.
Each system exists in either a bound (b) or an unbound (u) state. The
binding free energy is calculated via a thermodynamic cycle:
DG+0 ¼ DGu0/3 þ DG+3  DGb0/3; (1)
in which the expensive calculation of DG+0 is replaced by the much cheaper
calculation of DG+3 . The PMF-based method with restraining potentials is
like a traditional DDG method except that instead of choosing system 3
to be a real system for which there is an experimental result, one chooses
it to be a highly restrained version of system 0 (the original system).
In the method of Woo and Roux (12), the restraint u is applied to the
ligand and is separated into three components: 1), a conformational restraint
ucðx1Þ; 2), an orientational restraint uoðc1Þ of the ligand in a coordinate
system fixed in the protein; and 3), a restraint uaðc1Þ on the angular coor-
dinates of the position of the ligand (again relative to the protein). Thus, the
free-energy differencesDGb0/3 andDG
u
0/3 are each broken into three sepa-
rate calculations. (For additional details and corrections, see Woo (21), and
for a description of the use of restraining potentials with an alchemical free-
energy perturbation method, see Wang et al. (22).)
In this study, we order the restraints as follows: First, we restrain the
conformational freedom of the ligand to a reference bound structure by
changing the potential energy to U1 ¼ U þ ucðx1Þ, where x1 is the root
mean-square deviation (RMSD) of the ligand from its bound structure
and ucðxÞ is a restraining harmonic potential 1=2kcx2. It is convenient
and informative to do the calculation of DGX0/1, X ¼ b; u in terms of
PMFs wXc ðxÞ for the reaction coordinate x. After restraining the conforma-
tional freedom, we deny the ligand the motions corresponding to free rota-
tion around the protein by restraining the angular coordinates cl ¼ ðfl;f1Þ
of the ligand to those of its bound structure: U2 ¼ U1 þ uaðc1Þ, where
uaðcÞ is a harmonic potential 1=2kajc cref j2. The third and last step in
achieving the fully restrained unbound state, U3, is to apply orientational
restraints on Euler-like angles c ¼ ða; b;gÞ of the ligand determined by
those of the protein-ligand orientation in the bound state: U3 ¼ U3þ
uoðc1Þ where uoðcÞ ¼ 1=2kojc cref j2. The resulting thermodynamic
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Dual Role of Protein Phosphorylation 471cycle is depicted in the schema of Fig. 1 (see also the review by Deng and
Roux (20)).
The KID:KIX complexes are chosen for this application because of their
biological relevance to the DNA transcription process and their relatively
small size (81 residues for the KIX domain of CBP and 28 residues for
KID). Fig. 2 depicts the bound structure of the pKID:KIX complex. Both
KID and KIX are helical domains: the KIX domain is a three-helix bundle
arrangement connected by two short 3-10 helices, and the KID domain has
two a-helices, aAand aB, that wrap around the three-helix bundle of KIX.
Fig. 3 shows some details of the binding site. In this figure, the KIX
residues are renumbered from 1 to 81 and the KID residues are numbered
from 1 to 28. Explicitly shown are some of the residues that may play an
important role in KID:KIX binding: Lys-662 (Lys-77, in green) and
Tyr-658 (Tyr-73) from KIX, and Ser-133 (Ser-15 phosphorylated, in
yellow) and Arg-131 (Arg-13) from pKID.FIGURE 2 The pKID:KIX protein-ligand system. The KIX protein
(cartoon diagram) is a three-helix bundle (a1, a2, and a3). The KID ligand
(ribbon representation) consists of two a-helices (aAand aB). The restrain-
ing potentials are imposed on the system using a local reference frame con-
structed from three centers ðP1;P2;P3Þ in the protein and threeðL1;L2; L3Þ
in the ligand. These six points allow for the specification of 1), the position
of the center of mass of the ligand relative to the protein in spherical coor-
dinates as r1 ¼ dðP3;L1Þ, q1 ¼:ðP2;P3;L1Þ, 41 ¼ diheðP1;P2;P3;L1Þ;
and 2), its orientation from the three Euler-like angles: a1 ¼
:ðP3;L1;L2Þ, b1 ¼ diheðP2;P3;L1; L2Þ, andg1 ¼ diheðP3;L1;L2; L3Þ.
R15
ARG13TYR73
LYS77Restraining potentials
The details given here provide precise definitions of the various contribu-
tions to the free-energy difference, which is the main result of this study.
The boundary between the bound and unbound states is defined by
rCM ¼ 28 A˚.
Intermediate protein-ligand systems are constructed by introducing
restraining potentials that bias the ligand-protein complex toward the structure
and orientation adopted by the ligand in the bound state.A local frameof refer-
ence is constructed from three centers in each binding partner, ðP1;P2;P3Þ for
the protein, and ðL1;L2; L3Þ for the ligand. As indicated in Fig. 2, these six
points allow for the specification of 1), the position of the center of mass of
the ligand relative to the protein in spherical coordinates as r1, q1, and f1;
and 2), its orientation from the three Euler-like angles, a1, b1, and g1. The
method does not require that r1 ¼ rCM . For efficient sampling, coordinates
r1 and rCM should be reasonably correlated so that restraints on q1 and f1 do
not inhibit sampling across the desired range of rCM values.
Centers are chosen to be the centers of mass of specified atom groups:
residue 15 of KIX for P1; residue 67 for P2; residues 45, 62, 72, and 26
for P3; all of KID for L1; its residue 9 for L2; and its residue 19 for L3.
Here we are using the renumbering of residues introduced earlier. A sche-
matic representation of the specific local frame of reference used in this
study is shown in Fig. 2.
The RMSD is defined in terms of the heavy atoms of KID from its PDB
bound-state structure, 1kdx (8). The conformational harmonic restraint uses
constant kc ¼ 1:19232 kcal/mol/A˚2, axial restraint constant ka ¼ 100 kcal/
mol/rad2, and orientational restraint constant ko ¼ 100 kcal/mol/rad2. The
reference values of the spherical coordinates and Euler angles are deter-
mined from the bound state and used in constructing the harmonic restrain-
ing potentials. For the KID:KIX complexes, the reference values of
positional, spherical coordinates in the bound state are r ¼ 12:5 A˚,
q ¼ 49:4+, and f ¼ 130:74+, and the Euler-like angles are a ¼ 118:74+,
b ¼ 80:2+, and g ¼ 119+. The Theory section gives formulas for these
quantities. This is followed by a ‘‘Computational details’’ section specific
to our application.FIGURE 1 Thermodynamic cycle of the PMF-based method with re-
straining potentials.RESULTS
Breakdown of the free energy of binding
The free-energy components of the protein-protein (KID:
KIX and pKID:KIX) binding corresponding to the thermo-
dynamic cycle depicted in Fig. 1 and employed by the
PMF-based method are listed in Table 1. The net free energypSE
FIGURE 3 Detail of the binding site explicitly showing some of the main
contributors to the binding interaction: Lys-662 (Lys-77, in green) and
Tyr-658 (Tyr-73) from KIX, and Ser-133 (Ser-15 phosphorylated, in
yellow) and Arg-131 (Arg13) from pKID.
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TABLE 1 Free-energy contributions to KID:KIX and pKID:KIX binding (in kcal/mol)
Unbound Bound PMF Net
Complex DGu0/1 DG
u
1/2 DG
u
2/3 DG
b
0/1 DG
b
1/2 DG
b
2/3 DG
+
3 DG
+
KID:KIX 10.7551:5 5.35 4.07 2:5250:2 0:350:2 0:850:2 21:5151:4 4:9652:1
pKID:KIX 7.0950:9 5.35 4.07 2.1650:2 0.2 50:2 0.5 50:2 23:251:6 9:5551:9
DDG 3:66 0:36 0:1 0:3 1:69 4:59
The net value is the unbound minus the bound values plus the PMF value. Error bars are estimates of 1 standard deviation. For each contribution, DDG is the
difference in free energy (pKID:KIX minus that for KID:KIX). The calculation in Woo and Roux (12) is for a complex of a p56lck SH2 domain with a four-
residue peptide pYEEI, where pY is phosphorylated tyrosine. For comparison, that calculation breaks down as follows: DG+ ¼ ð3:7þ 5:35þ 4:07Þ
ð1:43þ 0:04þ 0:4Þ  20:05 ¼ 8:8 kcal/mol.
472 Dadarlat and Skeelof binding is obtained from the tabulated values by subtract-
ing the bound from the unbound and adding the PMF contri-
butions, as dictated by the thermodynamic cycle in Fig. 1.
Our results for DG+ for both the pKID:KIX (9:55 kcal/
mol) and KID:KIX (4:96 kcal/mol) complexes are within
computational error from reported experimental results
for the free energy of binding of the pKID:KIX complex
(8:8 kcal/mol) and KID:KIX (5:8 kcal/mol) (13).
Another experimental determination of the binding free
energy from a quartz crystal microbalance experiment
(23) indicated DG+ ¼ 5:11 kcal/mol for the KID:KIX
complex and DG+ ¼ 6:86 kcal/mol for its phosphorylated
counterpart.
The relative free energy of binding for the phosphorylated
versus the unphosphorylated complex is DDG ¼
DG+pKID:KIX  DG+KID:KIX ¼ 4:59 kcal/mol. The experi-
mental results from Matsuno et al. (23) give DDG ¼
1:75 kcal/mol. Similar differences in the free energy of
binding between the complexes have been reported by other
groups (e.g., 3kcal/mol by Zor et al. (15)). The contribu-
tion of the phosphate group to the binding energy was
estimated from computational methods applied to the
bound-state structure of the pKID:KIX complex (16),
yielding a result of DDG ¼ 1:5 kcal/mol.FIGURE 4 PMF (w
u=b
c ðxÞ) of the bound (dashed line) and unbound (solid
line) KID (light) and pKID (dark) ligand as a function of RMSD (A˚) from
the bound PDB structure.
Biophysical Journal 100(2) 469–477Fig. 4 shows the conformational PMFs, w
u=b
c ðxÞ, for the
unbound (solid curve) and bound (dashed curve) KID (light)
and pKID (dark) as a function of the RMSD from the bound-
state conformation of the ligand protein. The unphosphory-
lated KID enjoys more conformational freedom and
explores a wider conformational space in both unbound
and bound states (light gray curves, dashed for the bound
state). This result is in qualitative agreement with experi-
mental NMR data (15) showing that KID is only partially
structured before it binds KIX. These PMFs are used to
calculate DGu0/1 and DG
b
0/1 according to Eqs. 7 and 8.
The penalties for restraining the axial and orientational
rigid-body motions of the ligands in the unbound states,
DGu1/2 ¼ 5:35kcal/mol and DGu2/3 ¼ 4:07 kcal/mol, are
quite large, with a combined total of 9.42 kcal/mol, but
are the same for the two protein-ligand systems. The corre-
sponding free energies for the bound state of KID(pKID),
DGb1/2 ¼ 0:3(0.2) kcal/mol and DGb2/3 ¼ 0:8 (0.5) kcal/
mol, are small.
The PMFs for the transition of the two restrained KID:
KIX systems from the bound to the unbound state,
wðrCMÞ, as a function of the distance between the cen-
ters of mass, rCM, are shown in Fig. 5. The light and dark
curves represent the PMFs for the unphosphorylated andFIGURE 5 PMF (wðrCMÞ) of the restrained systems as a function of the
distance between the centers of mass, from the bound state (rCM ¼ 12:9A˚)
to the unbound state (large rCM), with the pKID:KIX complex in dark and
the KID:KIX complex in light.
Dual Role of Protein Phosphorylation 473phosphorylated KID:KIX complex, respectively. The corre-
sponding free-energy differences DG+3 are calculated from
the transitional PMFs according to Eq. 6. For this transition,
the net difference in the free energy of binding between the
two complexes is 1.69 kcal/mol. As this figure suggests, a
more favorable binding free energy of the restrained pKID:
KIX system is due in part to the longer-range electrostatic
interactions between the phosphorylated Ser-133 (Ser-15)
and Arg-131 (Arg-13) of KID, and Lys-662, Tyr-658, and
Glu-655 of KIX (binding site depicted in Fig. 3).Equilibrium simulations
To gain more insight into the contributions of specific amino
acids to the protein-ligand interactions, we performed equi-
librium simulations of the free and bound protein-ligand
systems, KID:KIX and pKID:KIX (2 ns for each system;
simulations described in the ‘‘Computational details’’
section). With sampling of the unbound states of the ligands
using relatively short molecular-dynamics simulations, the
RMSD calculations show larger average deviations from
the bound-state conformations for the KID protein (4.3 A˚
for KID vs. 3.5 A˚ for pKID). Intra- and intermolecular
nonbonded interaction energies (electrostatic and van der
Waals) were calculated for the phosphorylated and unphos-
phorylated systems. For the bound states, we find that the
interaction energy between the protein and ligand is more
favorable (lower) in the phosphorylated complex, by
82 kcal/mol (on average), a result of a slightly less favorable
Van der Waals interaction (~8 kcal/mol) and a more favor-
able electrostatic interaction of 90 kcal/mol. The main
contributors are interactions between Ser-133(pKID) and
Lys-662(KIX), and Arg-131(pKID) and Glu-666 (KIX).
Intermolecular, favorable electrostatic interactions between
Arg-131(KID) and Tyr-658, Glu-655 of KIX have similar
magnitudes in pKID:KIX and KID:KIX. Upon phosphoryla-
tion, intramolecular KID nonbonded interactions in the
ligand change substantially, with Ser-133 acting as a latch
between Arg-131 of the aA helix and Arg-135 of the aB
helix. The electrostatic interaction between Ser-133 and
Arg-131 becomes more favorable by ~160 kcal/mol, and
an existing backbone hydrogen bond between the donor
–NH of (Ser-133) and acceptor –CO of (Arg-135) with
a strength of 3.3 kcal/mol in KID is augmented by an
additional favorable electrostatic interaction of 22 kcal/mol.DISCUSSION
A detailed analysis of individual contributions to the free
energy of binding (Table 1) shows that the main differences
in the free-energy components between the KID:KIX and
pKID:KIX complexes come from 1), the lower free-energy
penalty for restraining the conformational degrees of
freedom of the free pKID ligand to the bound-state confor-
mation (7.09 kcal/mol for pKID:KIX vs. 10.75 kcal/mol forKID:KIX; second column of Table 1); 2), the lower/more
favorable binding free energy of the restrained pKID:KIX
system (21:51 kcal/mol for KID:KIX vs. 23:2 for
pKID:KIX); and 3), the smaller loss in free energy due to
the release of restraints on the KID:KIX system in the bound
state (2.16 kcal/mol for pKID:KIX vs. 2.52 kcal/mol for
KID:KIX). The specific contributions to the net free-energy
difference of approximately 4:6 kcal/mol are revealed
only through DG+ calculations and not DDG calculations.
The gain in free energy of the ligand upon application of
conformational, rotational, and translational restraints in the
unbound state is large for both systems (20.17 kcal/mol for
KID and 16.51 kcal/mol for its phosphorylated counterpart,
pKID). The 3.66 kcal/mol difference in free energy for the
application of restraints in the unbound state is solely due
to the greater conformational freedom of the unphosphory-
lated KID. Some of the free energy gained by restraining the
conformational freedom of KID is lost again by releasing
the conformational restraint in the bound state, with KID
losing 2.52 kcal/mol compared with only 2.16 kcal/mol
for pKID.
It is interesting to note that the largest contributor to the
difference in the free energy of binding between pKID:KIX
and KID:KIX (Table 1, second column) is the penalty for
conformational restraint in the unbound state of pKID and
KID. What could be the physical basis for this rather large
difference? To answer this question, we closely investigated
the local environment of Ser-133 in KID. In the 28-residue
protein, a stretch of eight charged amino acids (five argi-
nines, two lysines, and one glutamic acid), between residues
6 and 18, spanning both a-helices as well as the hinge
region, renders a highly repulsive, positively charged intra-
molecular environment with a total charge of þ6e. In this
context, phosphorylation of Ser-133, by the addition of
two negative charges to the system, reduces the total charge
of the KID protein from þ3e to þ1e. A less repulsive local
environment may lead to favorable electrostatic interactions
between the phosphorylated Ser-133 and arginine residues
in both a-helices and to partial desolvation of pKID. The
charge-depleted pKID will collapse into a more compact
conformation, closer to that of the bound state, whereas
the highly charged KID will remain well solvated and thus
more difficult to constrain to the folded-state conformation.
For this preselected conformation of pKID, the mostly
entropic loss upon binding to KIX will be smaller than
that suffered by its unphosphorylated counterpart. This
proposed mechanism is supported by recently published
experimental work on intrinsically disordered proteins
(IDPs) (see Mu¨ller-Spa¨th et al. (27)), which showed that
highly charged IDPs have a larger radius of gyration than
their neutralized counterparts.
Further evidence for the explanation of free-energy differ-
ences in the application of conformational restraints comes
from examination of the KID and pKID conformational
PMFs shown in Fig. 4 (light gray curve for KID, dark curveBiophysical Journal 100(2) 469–477
474 Dadarlat and Skeelfor pKID). The unphosphorylated KID enjoys greater con-
formational freedom than its phosphorylated counterpart
in both bound and unbound states. The unbound-state KID
conformational PMF exhibits two distinct minima corre-
sponding to the most favorable conformations: a deep
minimum at 4.5 A˚, and a less populated minimum at
~7.5 A˚. The pKID conformational PMF has one deep
minimum at 3.5 A˚ and two shallower minima at 3.6 and
4.7 A˚. KID samples multiple conformations that are
between 2 and 8 A˚ (RMSDs) away from the bound-state
conformation, whereas pKID samples a narrower range of
conformations with RMSDs between 2 and 5 A˚ away
from the bound conformation. When the conformational
restraints are released in the bound state (dashed curves,
light gray for KID, dark for pKID), KID samples a narrower
range of conformations than in the unbound state with
RMSDs between 1 and 3.7 A˚, but still wider than the
bound pKID (conformations for the phosphorylated KID
in the bound state have RMSDs between 0.8 and 3.0 A˚).
The corresponding free-energy differences associated with
the conformational restraints in the unbound state are
10.75 kcal/mol for KID and 7.09 kcal/mol for pKID, and
2.52 kcal/mol for KID and 2.16 kcal/mol pKID in the bound
state (second and fifth columns in Table 1). By comparison,
Woo and Roux (12) calculated free-energy penalties of
3.7 kcal/mol in the unbound state and 1.43 kcal/mol for
the bound state for a four-residue peptide binding to the
SH2 domain of lck (see caption of Table 1).
Theoretically, there should be a large penalty for the
desolvation of the dianionic phosphate of pKID upon
binding to KIX. In fact, due to its direct interactions with
neighboring arginines, the partial desolvation of the phos-
phate group of Ser-133 of pKID partially offsets the nega-
tive effects of desolvation upon ligand binding.
Other studies have noted that protein phosphorylation
can affect protein activity by both inducing conformational
changes and destabilizing intermolecular interaction,
reportedly caused by the inclusion of a charged group
(24–26) and stabilization of local regions through phos-
phate-arginine interactions. For our system, phosphoryla-
tion of KID at Ser-133 induces stronger binding to
KIX, a result that qualitatively matches the experimental
data (8).
Two elements are essential to explain the complex role of
the phosphorylated Ser-133 residue in KID-KIX binding: 1),
its location at the confluence of the two a-helices of KID in
the hinge region and a highly repulsive environment; and 2),
the addition of 2e to the total charge of the system. These
two elements combined may prove useful for explaining the
effects of mutational studies on KID-KIX binding. For
example, the observation that mutations of pSer-133 to a glu-
tamic or aspartic acid have an unfavorable effect on KID-
KIX binding may reflect the fact that Glu and Asp add
only 1e to the system, which is not enough to partially
neutralize the local environment and allow for structuralBiophysical Journal 100(2) 469–477collapse. The outcome of other mutational studies (7) that
reversed the charge of either of the residues (D140R and
R124E) in KID and showed a greatly reduced KID-KIX
interaction could also be explained by the additional
charge/location combination of factors.
Therefore, our results reveal a double role for phosphor-
ylation in the protein-protein interaction: phosphorylation
of a serine residue in the aA helix of KID 1), stabilizes
the unbound conformation of KID by balancing the total
local charge and, as such, promoting intramolecular interac-
tions with positively charged residues in the aA and aB
helices and lowering the configurational entropy of the
unbound state; and 2), stabilizes the pKID:KIX complex
through electrostatic interactions with Lys, Tyr, and Glu
residues in the KIX protein (Fig. 3). The former accounts
for 79% of the increased binding affinity according to the
results reported here.
Our studies, combined with recent experimental results
(27), indicate that one possible mechanism used by nature
to shift the unbound- to bound-state equilibrium is based on
neutralizing the total charge of the protein by balancing the
number of positive and negative charges of the ligand
(in our case by ligand phosphorylation). This would promote
more favorable intraligand interactions even in disordered
proteins, leading to a partial structural collapse before the
partner protein is bound. On the basis of these results, we
propose a step-by-step pathway to stronger pKID binding
as a cascade mechanism triggered by Ser-133 phosphoryla-
tion: the phosphorylation results in a charge reduction that
induces a structural collapse (of the ligand), leading to
a less favorable higher free energy of the unbound state.
This then shifts the equilibrium toward the bound state with
a stronger CREB-CBP binding, which activates more DNA
transcription and ultimately controls gene regulation.THEORY
Consider a protein and ligands in a dilute solution of inverse
temperature b. With the simplifying assumptions detailed in
Woo and Roux (12), this can be modeled with a single
ligand in solution in a very large volume V. For simplicity,
consider a spherical region of the bulk solution with the
protein in the center. The free energy of binding DG+ is
defined for the limiting case V/N by the relation
ebDG
+ ¼ Prðligand is bound to proteinÞðC+VÞ1Prðligand is not bound to proteinÞ (2)
where ðC+VÞ1 is a dimensionless normalizing factor with
C+ ¼ 1 mol/liter. (This formula follows from Eq. 1 and
the equation that is four lines down from Eq. 13 of Radhak-
rishnan et al. (8).) Assume a distribution febUðxÞ, where x
includes coordinates of protein, ligand, solvent, etc., and
UðxÞ is the potential energy. With the configuration space
partitioned into bound (b) and unbound (u) states, we have
Dual Role of Protein Phosphorylation 475ebDG
+ ¼
R
b
ebUðxÞdx
ðC+VÞ1 R
u
ebUðxÞdx
: (3)
The free-energy differences of the thermodynamic cycle
in Fig. 1 are defined in terms of the integrals:
Zbk ¼
Z
b
ebUkðxÞdx; Zuk ¼
1
C+V
Z
u
ebUkðxÞdx; (4)
k ¼ 0; 1; 2; 3, by expðbDG+k Þ ¼ Zb0=Zu0, k ¼0, 3, and
X X XexpðbDGk/kþ1Þ ¼ Zkþ1=Zk , X ¼ b; u; k ¼ 0, 1, 2.
Formulas for each contribution are given below. Deriva-
tions, deduced from Woo and Roux (12) and restructured,
are provided in the Supporting Material.
Use of a reaction coordinate
The binding free energy DG+3 for the fully restrained system
can be calculated with the use of a PMF wðrÞdefined by
ebwðrÞ ¼ Cw
Z
dðrCMðxÞ  rÞebU3ðxÞdx; (5)
where r ¼ rCMðxÞ is the distance between the centers of
mass of the two molecules and Cw is a normalizing factor.
PMFs can be obtained from umbrella sampling and the
weighted histogram analysis method. Assume that the
potential energy UðxÞ is independent of rCMðxÞ beyond
some separation distance r, and that the boundary between
b and u can be specified as rCMðxÞ ¼ r. Then the free
energy of binding is given by (see the Supporting Material):
exp
bDG+3 ¼ 4pðrÞ2C+
Zr
0
ebðwðrÞwðr
ÞÞdr: (6)Alchemical free-energy calculations
Here we consider how the alchemical free-energy differ-
ences DGXk/kþ1 might be computed. Calculations for the
unbound state, X ¼ u, neglect the presence of the protein
in the potential energy function U.
The free-energy cost to impose the conformational
restraint DGX0/1 is computed from a PMF w
X
c ðxÞ that uses
the RMSD x ¼ x1ðxÞ as the reaction coordinate:
ebw
X
c ðxÞ ¼ Cw;X
Z
dðx1ðxÞ  xÞebUðxÞdx: (7)
where Cw;X is a normalizing factor. It then follows (see the
Supporting Material) that
ebDG
X
0/1 ¼
R
ebðwXc ðxÞþ kcx2=2ÞdxR
ebwXc ðxÞdx
: (8)
In the unbound state, X ¼ u, the ligand is simulated in bulk
without the protein, since the limiting behavior V/N is
sought.The other restraints are the axial restraint, DGX1/2, and
orientational restraint, DGX2/3. The free-energy costs to
impose the restraints on angular position coordinates and
orientation angles for the ligand-water system, X ¼ u, can
be calculated using numerical integration over the spherical
angles (q and f) and Euler-like angles a, b, and g. The
formulas for the axial and orientational restraints are,
respectively (see the Supporting Material):
ebDG
u
1/2 ¼
R
ebuaðcÞsinqdcR
sinqdc
; ebDG
u
2/3 ¼
R
ebuoðcÞsinadcR
sinadc
:
(9)
For the full system in the bound state, X ¼ b, free-energy
perturbation techniques can be used.Generalization to complexes in which both
protein and ligand are flexible
in the unbound state
The PMF-based method with restraining potentials is prac-
tical only for systems in which the protein maintains the
same conformation in the bound and unbound states,
because a flexible protein can make it difficult to calculate
the unbinding PMF. However, thousands of proteins, and
among them many transcription factors and other allosteric
cell-signaling proteins, contain domains and/or segments
that are intrinsically disordered under native conditions,
and a stabilization of their bound structure occurs only
when they bind to their interaction partners (28–30). To
make the method practical in these cases, conformational
restraints have to be imposed on the protein as well as the
ligand. For the unbound state, the restraints can be imposed
in two separate simulations with independent probabilities
yielding
Zu1
Zu0
¼

Zu1
Zu0

protein

Zu1
Zu0

ligand
; (10)
which is valid because in the limit V/N, the conforma-
tions sampled by the protein are not influenced by the pres-
ence of the ligand, and vice versa.Computational details
The increase in free energy from rigid-body restraints in the
bound state is estimated using a free-energy perturbation
method implemented in CHARMM.
Simulations are performed with periodic boundary condi-
tions in the isothermal-isobaric ensemble at temperature
300 K and pressure 1 atm, and with bond lengths between
hydrogens and heavy atoms constrained. Time steps of
2 fs and 1 fs are used for production-run simulations and
equilibrations, respectively. A frictional coefficient of
5 ps–1 is applied to all nonhydrogen atoms. PMFs areBiophysical Journal 100(2) 469–477
476 Dadarlat and Skeelcalculated from umbrella sampling using the weighted
histogram analysis method to combine the biased proba-
bility distributions.
The conformational PMFs for the unbound states of the
ligands, wucðxÞ, where x is the RMSD from the bound-state
configuration, are estimated from 18 umbrella sampling
simulations with x centered at 0.5 A˚ intervals from 0 A˚ to
8.5 A˚, each simulation of duration 3 ns, preceded by
0.5 ns equilibration, for a total of 63 ns. For these simula-
tions, pKID and KID are each solvated in 2000 TIP3P water
molecules in cubic boxes with sides of length 43 A˚. Overall
charge neutrality is attained by adding 3(5) NaðL1; L2; L3Þ
and 6(6) Cl ions for the KID(pKID) solution. Error esti-
mates are obtained by dividing each 3-ns run into three
blocks of 1 ns to obtain three separate PMFs and three
values of DGu0/1. The result is an estimate of 1.5 kcal/
mol for KID and 0.9 kcal/mol for pKID.
The conformational PMFs for the bound state, wbcðxÞ, are
calculated from 26 umbrella sampling simulations at 0.2 A˚
intervals in x, with each simulation of 160 ps duration. The
simulations for both complexes are performed in octahedral
boxes with 65 A˚ axis and 5500 TIP3P water molecules.
Overall charge neutrality is attained by adding 2(0) Naþ
and 4(0) Cl ions for the KID(pKID) solution. For sampling
in the bound state, a spherical, harmonic restraint is applied
to the center of mass of the KIX domain, with a spring
constant of k ¼ 1 kcal/mol/A˚2.
To calculate the PMF wðrÞ of the fully restrained system
along the reaction coordinate represented by the distance
between the protein and ligand centers of mass, each 0.5 A˚
window is equilibrated for 20 ps starting from the last config-
uration of the previous window and is followed by a 320 ps
production run, for a total time of 11 ns for each of the KID:-
KIX and pKID:KIX systems. Obtaining the unbound- to
bound-state PMF with the reaction coordinate ranging from
11.5 to 28 A˚ requires 34 umbrella sampling simulations for
each system. For these calculations, the complexes are
solvated in 606090 A˚3 parallelepiped simulation boxes
with 7000 TIP3P explicit water molecules. Overall charge
neutrality is attained as for the simulation of the bound state.
Error estimates are obtained by dividing each 320-ps run into
two blocks of 160 ps to obtain two separate PMFs and two
values of DG+3 . The result is an estimate of 1.4 kcal/mol for
KID and 1.6 kcal/mol for pKID.
Constant pressure/temperature (NPT) equilibrium simu-
lations of duration 2 ns were calculated at P ¼ 1 atm and
T ¼ 300 K for the free and bound protein-ligand systems,
KID:KIX and pKID:KIX. RMSDs and nonbonded interac-
tion energies were calculated from the resulting trajectories.SUPPORTING MATERIAL
Derivations—deduced from Woo and Roux (12) and restructured—are
available at http://www.biophysj.org/biophysj/supplemental/S0006-3495
(10)01480-3.Biophysical Journal 100(2) 469–477V.M.D. thanks Nilesh Banavali and Hyung-June Woo for providing the
template CHARMM input files for the restrained system umbrella sampling
simulations and the unbound state conformational PMF calculation.
This material is based on work performed at Purdue University and sup-
ported by the National Institute of General Medical Sciences under grant
R01GM083605, and by the National Science Foundation under grant
DMS 0503657 for R.S. and Purdue University for V.M.D.
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